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(57) ABSTRACT

In a method for determiming the rotor position of a three-
phase machine without using a rotary encoder, and a device
for controlling a three-phase motor without using a rotary
encoder, the three-phase machine 1s fed by a converter that
can be operated by pulse-width modulation, and the con-
verter has model variables for the rotor angle and the current
indicator of the three-phase machine, and the converter has
device(s) by using which, in control operation, at least two
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values are measured which represent a measure of the local
inductances of the machine which represent a measure of the
local inductances of the machine, the error of the model
rotor angle 1s determined in that, depending on the model
rotor angle and the model current indicator, at least two
weilghting factors are determined, and 1n that a weighted sum
1s formed from the at least two measured values and the at
least two weighting factors, and 1n that a further offset value
1s subtracted from the sum, which 1s likewise determined on

the basis of the model rotor angle and the model current
indicator.

17 Claims, 2 Drawing Sheets
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METHOD FOR DETERMINING A ROTOR
POSITION OF A THREE-PHASE MACHINE
WITHOUT USING A ROTARY ENCODER
AND DEVICE FOR CONTROLLING A
THREE-PHASE MOTOR WITHOUT USING A
ROTARY ENCODER

FIELD OF THE INVENTION

The present invention relates to a method for 1dentifying,
the rotor position of an electrical three-phase machine
having a rotor and a stator, the three-phase machine being
driven by pulsed clamping voltages 1n accordance with the
pulse width modulation method.

The present invention also relates to a device for control-
ling a three-phase machine 1n open and/or closed loop, a
controller being adapted and designed for implementing the
described method.

Additionally, the present invention relates to a three-phase
machine having a stator, a rotor, and a device for the open
and/or closed-loop control thereof. In general, the present
invention relates to encoderless control of a three-phase
machine 1n open and/or closed-loop, the rotor position or the
rotor angle being derived from the rotor position depen-
dency of the differential, respectively local inductances.

Evaluating the i1dentified local inductances 1n accordance
with example embodiments of the present imnvention with
regard to the rotor position optimally eliminates the stability
problem of certain conventional methods. The subject mat-
ter hereot 1s not determining local inductances. For this,
reference 1s made to conventional methods that are suited for
continuously determining local inductances during opera-
tion of the three-phase machine using suitable injection
voltages. Due to the increased use of three-phase motors
instead of direct-current motors, there 1s considerable inter-
est 1n high-quality closed-loop control systems for three-
phase motors. With the aid of rotor position encoders, such
as rotary pulse encoders or resolvers, dynamic and eflicient
closed-loop control systems of three-phase machines can be
obtained 1n conjunction with pulse-controlled inverters. Dis-
advantageous 1n this context i1s that using rotary position
encoders entails a rise 1 costs and in cabling outlay, and
makes failure more likely.

BACKGROUND INFORMATION

The rotor position 1s determined during operation by what
are generally referred to as encoderless, rotary encoderless
or sensorless methods. The rotor position 1s determined
continuously on the basis of the applied voltages and mea-
sured motor currents. A component of the fundamental wave
methods 1s the integration of the voltages induced by the
rotation of the rotor. However, it 1s disadvantageous that
these methods fail due to vanishing voltages at low rota-
tional speeds. Injection methods utilize the rotor position-
dependent inductances of the machine by evaluating the
rotor position-dependent current response to a high-fre-
quency voltage excitation, for example. Generally, the high-
frequency voltage excitation 1s additively superimposed on
the Tundamental voltage indicator.

The disadvantage associated with conventional injection
methods 1s that they do not use the full information content
of the rotor position-dependent local inductance matrix, as
only the amisotropic component or even only the direction of
the anisotropic component of the entire local inductance
matrix 1s used, for example. Moreover, conventional meth-
ods make simplified assumptions about the anisotropy. This
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casily leads to unstable behavior, as soon as the machine
exhibits more complicated anisotropic properties that devi-

ate from the assumption.

The publication, Operating Point Dependent Anisotropies
and Assessment for Position-Sensorless Control, BEuropean
Conference on Power Electronics and Applications,
Karlsruhe, Sep. 5-9, 2016 by W. Hammel et. al. indicates
that the parameters of the local inductance matrix not only
depend on the rotor position and the instantaneous torque,
but, 1n particular are also directly intfluenced by the direction
of the fundamental current indicator. For conventional injec-
tion-based, rotary encoderless, closed-loop control methods,
which are based on simplified assumptions, the result 1s the
condition they formulate for a stable operation with respect
to the properties of the anisotropy used for the motors to be
operated. If conventional methods are used for motors that
do not fulfill this condition, this leads to an unstable opera-
tion.

Conventional mnjection methods can be differentiated by
the type of ijection. For example, i certain injection
methods, an alternating one-dimensional 1njection voltage 1s
additively superimposed on the fundamental voltage indi-
cator. A simple evaluation based thereon assumes that, 1n the
case ol a permanently excited synchronous machine, the
orientation of the anisotropy coincides with the direction of
the d-axis of the rotor. The alternating injection voltage 1s
selected 1n parallel to the assumed model d-axis. A correct
orientation results 1 the ijection-induced a.c. components
in parallel to the mjection voltage, and thus the injection 1s
torque-Iree even at high mjection amplitudes. On the other
hand, 1f the assumed model d-axis deviates from the actual
d-axis, mnjection-induced a.c. components result that have an
additional component orthogonally to the direction of the
injection voltage. As a function of this orthogonal current
component, the model angle can be adjusted using the
correct preceding sign. Thus, an especially simple manner
for adjusting the model angle can be attained as long as an
anisotropy having the assumed properties 1s present. In the
case of real machines, however, the anisotropy also depends
on the magmitude and direction of the fundamental current
indicator and leads to the stability problems mentioned.

Among conventional injection methods, there are those
which, per evaluation interval, superimpose injection volt-

ages 1n different directions on the fundamental voltage
indicator.

German Patent Document No. 10 2015 217 986, for
example, describes an 1injection method where the trajectory
of the 1injection voltage indicator tip forms a square. On the
basis thereof, a calculation rule, which entails very little
computational outlay, 1s presented to determine the anisot-
ropy as a two-component variable. However, even the
method 1t presents does not resolve the difhiculty of possible
instability caused by the dependency of the anisotropy on
fundamental current, as described by W. Hammel et al. in the
publication Operating Point Dependent Anisotropies and
Assessment for Position-Sensorless Control, European Con-
terence on Power Electronics and Applications, Karlsruhe,
Sep. 5-9, 2016. However, in contrast to an injection voltage
having an alternating voltage indicator, 1t 1s possible to
determine the complete differential inductance matrix using
this 1njection scheme.

SUMMARY

Example embodiments of the present invention provide
an improved method for 1identifying the rotor position of an
clectrical three-phase machine that permits a rotor-position
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identification that 1s stable and noise-immune 1n all operat-
ing points, for three-phase machines having any type of
properties of the entire local inductance matrix.

Example embodiments of the present invention also relate
to a corresponding device for controlling a three-phase
machine 1n closed or open loop.

Example embodiments of the present invention are based
on the realization that rotor positions may only be optimally
identified when all rotor position-dependent parameters of
the entire local inductance matrix are used in accordance
with the manner described herein. To achieve a stable
operation, the dependency of the parameters of the local
inductance matrix on the orientation of the fundamental
current indicator 1n the closed-loop control system 1s utilized
along the lines described herein.

Example embodiments of the present invention presup-
pose that the complete differential inductance matrix 1s
continuously determined by a preceding method. For

example, the injection method described in the German
Patent Document No. 10 2015 217 986, which 1s expressly

incorporated herein in 1ts entirety by reference thereto, may
be used.

In a method for rotary encoderless determination of the
rotor position of a three-phase machine, the three-phase
machine 1s fed by a converter 1s operable with pulse width
modulation, a model rotor angle and a model current indi-
cator of the three-phase machine 1s determined, in closed-
loop controlled operation, 1n particular, a first measured
value of a measure of a first local inductance of the machine
1s determined, 1n closed-loop controlled operation, in par-
ticular, a second measured value of a measure of a second
local inductance of the machine 1s determined, a function, in
particular a function table that i1s especially determined
oflline, of differentials of the measures assigns values of the
model rotor angle and of the model current indicator to
function values, an error, in particular angle deviation, of the
model rotor angle 1s determined by at least two weighting
factors being determined by at least two weighting factors
being determined as function values of the function, in
particular function table, as a function of the model rotor
angle and of the model current indicator, and a sum of the
measured values weighted by the weighting factors 1s pro-
duced, and, to determine the error, another offset value 1s
subtracted from the sum, which 1s likewise determined as a
function of the model rotor angle and the model current
indicator, the further offset value 1s determined by the further
oflset value being determined as a function value of the
function, in particular function table as a function of the
model rotor angle and of the model current indicator by the
function, in particular the function table, the model rotor
angle 1s adjusted by a control loop controlling the error
toward zero.

According to example embodiments, the local admit-
tances may be used as a measure of the local mductances.

According to example embodiments, the function may be
determined, 1n particular set offline, 1n particular one time 1n
a step preceding the positional determination, thus, 1n par-
ticular prior to the closed-loop controlled operation, so that
the weighting factors and the oflset value are assigned by the
function to the values of the two model variables online, 1n
particular when the position 1s determined.

According to example embodiments, to determine the
function, the local inductances are determined as a function
of values of the rotor position and of the current indicator,
in particular, these values of the current indicator represent-
ing a trajectory.
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According to example embodiments, the weighting fac-
tors and the oflset value are assigned to the model variables
as a function of the differential of the local inductances or

local admittances that 1s specific to the rotor position.

According to example embodiments, each of the at least
two weighting factors 1s produced as a quotient of the
differential of one of the measures and of the square sum of
all of the differentials of the measures.

According to example embodiments, the assignment for
the offset value to be subtracted is set to conform there to this
weighted sum when the actual rotor angle of the machine
conforms to the model angle.

According to example embodiments, the weighting fac-
tors are selected such that that measure which has the
greatest manufacturing tolerances 1s provided with a lower
weight or 1s not considered 1n the weighted sum.

In the case of the device that includes a converter and a
three-phase motor, 1n particular a rotary encoderless three-
phase motor, the three-phase motor 1s fed by a converter, in
particular a pulse-controlled inverter, which 1s suitably
designed for implementing a method described herein.

Example embodiments of the present invention are
explained 1 greater detail below with reference to the
appended Figures.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1illustrates the correlation 1n terms of signal engi-
neering between the model variables known to the converter,
the actual rotor position unknown to the converter, and the
measurable admittance parameters derived as a function of
these variables.

FIG. 2 1s a signal flow diagram of an exemplary embodi-
ment of the method.

DETAILED DESCRIPTION

The differential inductance matrix describes the relation-
ship between current variations and the corresponding injec-
tion voltage u_. This matrix 1s symmetrical and, therefore,
includes three independent parameters.

(1)

Ly Lab] d
dt

U =( —
Ly Ly

Conversely, the current rise 1n response to an applied
injection voltage u_ 1s determined by the inverse matrix.

(2)

Inverse Y of inductance matrix L i1s often referred to as the
admittance matrix here as well 1n the following. This 1s
likewise symmetrical and determined by the three param-

eters Y ,Y, and Y ,.

La L-::{b
Lop  Lp

Yq
Yab

Yab

}’:L‘lz(
Yp

)

Thus, the relationship between the applied 1njection volt-
age u_. and the corresponding current rise 1s expressed as
follows:
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Yab
Yo Y

] (4)
U, = Y U,

Using the substitutions (5a)-(5¢), the admittance matrix
may be reduced as 1llustrated 1n (6).

Yot by (Sa)
N
Y, - Y, (5b)
¥ =
A 2
Yap = Yo (d¢)

Y, (6)
yz(

Yab] v (l 0] v (l U] v (U l]
o . -|- a" .|_ .
Y. Y, Lo 1) \o -1 72 L1 o

In this reduction, Y- represents the 1sotropic component
of the admittance matrix. On the other hand, the amisotropic
component 1s a variable having magnitude and direction that
1s represented 1n (6) by Cartesian components Y, and Y ,,
thereof.

The exemplary embodiment may apply to a permanently
excited synchronous machine. For such a machine, the local
inductance matrix, respectively the local admittance matrix
may be determined in the reduction thereof 1n accordance
with (6) with the aid of a square 1njection, for example. In
German Patent Document No. 10 2015 217 986, 1sotropic
component Ys. may be ascertained from the first component
of equation (31) as follows:

&fEx 1 . . . .
= (Aiygo +Alyp — Alyan — Alyps)

. (7)
2T u At dou Al

This may be simplified to (8), whereby 1sotropic compo-
nent Y5 may be determined directly from the measured
current rises.

(8)

YZ . (ﬁfﬂfg +ﬁf}31 —ﬂfﬂfz — ﬁlﬁg)

" dou-Ar

Apart from measurement errors, second component Al
of equation (31) in German Patent Document No. 10 2015
217 986 1s zero.

The anisotropic components Y,  and Y,, are derived

from the components of indicator equation (43) in German
Patent Document No. 10 2015 217 986 as follows:

Yﬂ.a (9)

= 10 A7 . (ﬁfm] —ﬁfﬁl —ﬁfarz -I-Q.Iﬁg,)

(10)

Yﬂb = I . (ﬁfﬁg +ﬁfar1 —ﬁfﬁz —ﬁfﬁg)

'Hﬂ'&f

Admittance components Y., Y, and Y,, may also be
determined using other characteristics of the 1njection volt-
age, such as ol a rotating injection, for example, as
described, for example, i the publication 4 Comparative
Analysis of Pulsating vs. Rotating Indicator Carrier Signal
Injection-Based Sensorless Control, Applied Power Elec-
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tronics Conference and Exposition, Austin, Feb. 24-28,
2008, pp. 879-885 by D. Raca et. al.

The method according to an example embodiment of the
present invention for rotor position identification 1s based on
determining the three parameters of the admittance matrix.
The implementation of the method i1s not bound to the
selected form, respectively reduction i (6). Rather, any
other form of representation of the information contained 1n
the admittance matrix may be used as the basis for this.

In particular, to implement the method, 1t 1s possible to
acquire any three linear combinations from admittance com-
ponents Y _, Y,, and Y _,, respectively, Y5, Y, ,and Y,, to
the extent that they are mutually linearly independent.

A component hereot 1s appropriately utilizing the realiza-
tion that the three parameters Y., Y, _ and Y ,, of the local
admittance matrix depend not only on rotor position 6 but,
as a Tunction of the operating points, also on components 1,
and 1, of the instantaneous fundamental current indicator,
thus they are influenced by the magnitude and direction
thereof.

YE:YE(er:id:fq) (11)

Yﬁa — Yﬂcx(er: Ilfi": Ig) (1 2)

Yap=Yx3(0,,1, fg) (13)

0, representing the electric angle of the rotor position and
1, respectively 1, the components of the fundamental current
indicator.

The following considerations are limited to the base speed
range. Here, the machine 1s typically operated using a
torque-generating current on the g-axis, 1.e., 1 ~0 or along an
MTPA (maximum torque per ampere) trajectory, which
indicates a fixed association of the d-current as a function of
the g-current. This 1s described by D. Schroder, for example,
in Flektrische Antriebe—Regelung von Antviebssysteme 3rd

edition, Berlin, Springer 2009. Thus the machine 1s operated
in accordance with (14) or (15).

1 ~U (14)

respectively

(15)

In selecting the operating points, the converter 1s hereby
limited to two remaining degrees ol freedom, namely to
electric rotor angle 0, and g-current 1, while associated
d-current 1, results from the g-current from a fixed associa-
tion 1 accordance with (14) or (15), for example. For
operating points 1 accordance with this selection, the
dependency of admittance parameters Y., Y, and Y,, 1s
also reduced to just two independent variables 6, and 1_:

Ys=Y5(0,,1,0i,).0,)=Y=(0,i,) (16)

L g =L 2 TP (fg)

Yae=Yau(0,.1,50,).0 )=Y ,,(0,.0,) (17)

Yar=Yr:(0,. id(ig)?ig):}] As(0,, Ilg) (18)

In the case of rotary encoderless operation of the motor on
a converter, deviations also 1nevitably arise between actual
clectric rotor angle 0, and corresponding model rotor angle
0, .04 11 the converter. However, even when these 1deally
turn out to be very small, unstable operation may result in
conventional rotary encoderless methods, as described by W.
Hammel et. al. in Operating Point Dependent Anisotropies
and Assessment for Position-Sensorless Control, BEuropean
Conference on Power Electronics and Applications,

Karlsruhe, Sep. 5-9, 2016.
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To orient the fundamental current indicator to be applied,
the converter will only be able to revert to model rotor angle
0, .04 11 this does not conform to actual electric rotor angle
0., the result 1s that the actual d- and g-current components
no longer conform with the corresponding model variables.
The d- and g-current components 1, and 1., actually flowing
in the motor are dependent at this stage on the model
variables in converter1,,,.,and 1_ ., as well as on the error
of rotor angle model 0 , as follows:

I.d:idﬁmad.cﬂs(ér)_iq?mad.Sin(ér) (1 9)

Ild:fd,mad.cgs(ér)+iq,mad.Siﬂ(ér) (20)

gl

e ZGF,PHDJ_GF (21)

¥

If there is an error of model rotor angle 6., the assignment
according to (14), respectively (15) between the actual g-
and d-current components does not take place, rather model
d-current 1,,. .. 1s generated as a function of the model
g-current 1

G nod :
I.d,.mad: 0 (2 2)
respectively
Ld mod—LdATPA (fg,mad) (23)

Since, 1 accordance with (11)-(13), the admaittance
parameters are dependent on actual d- and g-currents 1, and
1, 1n comparison to (16)-(18), they will have an additional
dependency on the error of model rotor angle 0, respectively
on model rotor angle O

rmod-

Ys=Y5(6,,14 noa0,) (24)
Yo=Y aa(6,8 g ots6,) (25)
Yas=Yas(0,i5 m0a:,) (26)
respectively

Ys=Y5(0, ig?mﬂd?erﬁm{xf) (27)
Ypa=Yral0,. ig?maﬂfﬂer?ma-ﬁ) (28)
Yrr=Yr:(0,. fg,madaenmad) (29)

Thus, measurable admittance parameters Y., Y, and Y ,,
are dependent on the two model variables 1_ ., and 6,
known 1n the converter as well as on a further variable,
namely actual rotor angle 0 unknown 1n the converter.

FIG. 1 shows the internal interaction of the relevant
equations, which collectively lead to dependencies (27)-
(29). The numbers of the equations, which represent the
respective relationships, are indicated in parentheses here.

Model d-current 1,18 generated from model g-current
1, noq 11 accordance with selected MTPA characteristic 103
as expressed by equations (22) respectively (23). Actual
motor current components 1, and 1, are derived from model
current componentsi,, ,and1,_ by the transtormation of
model rotor coordinates 1nto actual rotor coordinates 102 in
accordance with equations (19) and (20) using phase angle
error 6,. In accordance with (21), the error of model rotor
angle 0, 1s the difference between model rotor angle 6, .,
and actual rotor angle O, Finally, within the three-phase
machine, measurable admittance parameters Y-, Y, and
Y ,, are generated as a function of actual current components
1, and 1, as well as ot actual rotor position 0, 1n accordance
with equations (11)-(13).

Overall, this results 1n a mapping 100 of the model
variable of g-current 1_, ., and of model rotor angle 0
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as well as of actual rotor angle 0, onto measurable admiut-
tance parameters Y, Y., and Y,,, 1n accordance with
equations (27)-(29).

What 1s decisive 1s the realization that an error of the
model rotor angle does, 1in fact, influence the admittance
parameters, but they may nevertheless be measured, unal-
tered, using an 1njection process.

Based on this realization, it 1s fundamentally possible to
use the measured admittance parameters to identify the rotor
position. This would be very simple to realize if one of the
relationships (27)-(29) could be uniquely solved for rotor
angle 0, 1n a reversible process. Generally, however, this 1s
not the case for any of the three variables.

In any case, however, 1t 1s necessary to know the depen-
dencies of the admittance parameters on the operating point
in accordance with (11)-(13). These may be ascertained, for
example, by a preceding offline measurement, 1t being
possible for measurement devices to also be used to deter-
mine the rotor position. However, there 1s no need for this
to be determined over the entire d-q current plane to realize
the method hereof. If the machine 1s operated on a current
trajectory in accordance with (22), respectively (23), and 1t
1s also assumed that the phase angle errors occurring during
operation remain small, 1t sutlices to determine the admut-
tance parameters on the current trajectory and 1n the vicinity
thereof.

In accordance with example embodiments of the present
invention, the stability problem described by W. Hammel et
al. 1n Operating Point Dependent Anisotropies and Assess-
ment for Position-Sensorless Control, European Conierence
on Power Electronics and Applications, Karlsruhe, Sep. 3-9,
2016 1s overcome by a converter internal error signal 0
initially being generated from variables 6, , and 1_ ..
and which are available to the converter, as well as from
measured admittance parameters Y., Y ., and Y ,,, whereby
this error signal itself again depends only on model g-current
1, moq @1d model rotor angle 6, ., as well as on unknown
rotor angle 0 :

6F':6F(6r: ig?madzer?mmf) (30)

In accordance with example embodiments of the present
invention, this signal 1s generated to represent a measure of
the deviation of model rotor angle 0, ., from actual rotor
angle O , and this signal 1s fed to a controller which adjusts
model angle 0, ., to the actual rotor angle. This may be
accomplished by a simple PLL control loop, for example.
Alternatively, error signal 0, may be used as a correction
intervention i a fundamental wave model, which may
thereby also be used 1n the low speed range and at standstill.

In accordance with example embodiments of the present
invention, error signal 0. 1s generated in accordance with
FIG. 2 by a composite signal F which 1s a weighted sum of
the three measured admittance parameters:

F:GE.YE+GM.YM+G.&5.Y&5 (31)

A quantity F, 1s subtracted from this composite signal F,
resulting 1n error signal 0

8,=F-F, (32)

Weights G-, G, and G,, as well as quantity F, are
typically not constants, but rather operating point-dependent
values. Significant thereby is that there is no need to use
actual operating point 6, 1, and 1 to determine these
quantities. Rather, the use of the possibly faulty model
operating pomnt 6, , ., and 1_, ., leads nevertheless in the
result to a stable operation and, 1n fact, even in the case of
a non-vanishing phase angle error.
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Thus, variables Gs., G, _, G,, and F, are general functions
of the model variables:

G}::GE(fg,m o> m od) (33)
GM:GM(fg?mﬂd? 0, od) (34)
Gﬂb:Gﬂ.E}(f%mad? 0, ., od) (35)
Fo=F ﬂ(fg,m ad:er,mad) (36)

As a function of the form of these functions Gs., G4, Gu,,
and F, a tabular or functional mapping or a combination of
both 1s practical for the storing or calculation thereof in the
converter. The following assumes a tabularly stored depen-
dency of values G-, G, ., G,, and F, on the model operating
point.

Thus it follows for error signal 0., which 1s dependent on

model variables 1_,,.,and 6, , _, as well as on actual rotor
angle 0 , that:

PO

6}:': El(er? ig;ﬂﬂdﬂer?mad) (37)

It 1s possible to form functions Gs., G, _, G4, and F,, and,
in fact, solely in dependence upon the model varniables such
that error signal o, acquires the following properties

O o6 B )‘ 1 (58)
P\CUps lg mods Yrmod —
agr ! Er,mﬂd:'gf’
. (39)
6F(9r:- lq,mod, Qr,mﬂd) =-—1
agr’mﬂd O mod =0
6F(9I‘5 fq,m.-:rda Qr,mﬂdjlg = () (40)

ramod =6,

and this permits a stable operation because of the properties
mentioned.

Thus, 1n accordance with equation (38), the required
property indicates how error signal h 1s to respond to a
change 1n actual rotor angle 0, namely with a slope 1 1n
response to a change 1n actual rotor angle 0, proceeding
trom corrected operating point 0, =0, 1n the case of set
model angle O, ..

Additionally, the required property in accordance with
equation (39) indicates how error signal 0. 1s to respond to
a change 1n model angle 0, ., proceeding from adjusted
operating point 0, =0, 1n the case of set actual rotor angle
0, namely with a slope -1 in response to a change in model
angle 0, .

Consequently, in the vicinity of corrected operating point
0, 049, €rror signal 0 1s proportional to phase angle error
0,9, ,,..~0, and 1s thus suited for adjusting the model angle
to the actual motor angle with the aid of a closed-loop
control circuit.

Moreover, from required properties (38) and (39) of error
signal 0., 1t follows that the value of error signal 0. 1s
constant, for example, as selected 1n (40), constantly zero for
all corrected operating points 6, ,..,/~0, independently of
rotor position 8, and model g-current 1_.

In another step, Gs., G, ., G,, and F, are formulated at this
stage as a function of model vanables 1_,, ., and 6, ., to
provide error signal 0~ 1n accordance with (31) and (32) with
the required properties according to (38)-(40).

This 1s accomplished by executing G, G, , G4, and F,
as follows:
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D > (iq,mﬂd ] Qr,mﬂd) (4 1 )

D% (fq,mﬂda Qr,mﬂd) + Dia(fq,mﬂdﬂ Qf’;mﬂ’d) +

GZ ('iq,mﬂda Qr,mod) —

.
Dﬂ.b (Iq,mﬂd . Qr,mﬂd)

D Aa (fq,mod . Qr,mﬂd ) (42)

2 ¢ 2 .
D 3 (Iq,mod ] Qr,mﬂd ) +D Aa (Iq,mod ] Qr,mﬂd ) +

Gﬂ.a (fq,mad | Qr,mr::d ) —

3
D Ab (Iq,m.‘:ﬁd . Qr,mﬂd )

D Ab (fq,mad " Qr,mﬂd ) (43)

3 . 5 .
D 3 (Iq,mod , Qr,mﬂd ) +D Aa (Iq,mod , Qr,mﬂd ) +

Gap (fq,mod ) Qr,mﬂd )=

.
D Ab (Iq,mod , 9?‘,??‘!0-11" )

D > (fq,mr::d . Qr,mr::d ) ] YZ (fq,mﬂd , QF,FHDd ) + (44)
D Aa (fq,mod s Qr,mﬂd ) ] Yﬂ.a ( fq,m.-::d : Qr,mod ) +
Dﬂb ( fq,mod s Qr,mod ) ] Yﬂ.b (fq,mod s Qr,mod )

2 2 s
DZ (Iq,mﬂda Qr,mod) + Dﬂg(f*q,moda Qr,mod) +

Fﬁ(fq,mﬂda Qr,mﬂd) —

3 .
Dﬂb ( Eq,mod . Qr,mod)

Ds., D, and D,, thereby represent the diflerentials of
local admittance parameters Y., Y ., and Y ,, 1n accordance
with rotor position 0,. If the dependencies of local admit-
tance parameters according to (27)-(29) are determined in
the above described manner, then differentials Ds., D, and
D, thereof in accordance with rotor position 6, may also be
indicated for the corrected operating point:

. d . (45)
D > (Iq,mad ) Qr,mr:-d ) — 90 YZ (Qr, lg.mod s Qr,mﬂd)
4 =8 mod
. . (46)
Dﬂ.a ( {g,mod » Qr,mod) — 90 Yﬂa (Qra {g.mod » gr,mod)
d EF:Er,mod
. . (47)
Dﬂb ( Iq,mﬂd : Qr,mﬂd) — 30 Yﬂb (Qra Iq,mﬂd ’ Qr,mﬂd)
4 =8+, mod

If the alternative representation according to (24)-(26) 1s
used for the description of the admittance parameters, thus
as a function of actual rotor angle 6 , of model g-current

1, ..q and of error angle 0,, the relevant difterentials present
themselves as follows:

D (igmod> Ormod) = (43)

(00 iy ) = Y5 (61, iy )
SV lgmods Ur) — —— 1Y \Yps lgmods Ur
| a 9}-‘ ! @ 9}" ! _ EF:E d:ér:'ﬂ'

D&a(fq,mﬂda Qr,mod) —

0 . 0 N
[ Y&g (9;-, fq?mgdj 9}’) — a—y Yﬂﬂ(gr, ‘iq,mﬂd-,- 91’)}
v

a8,

¥

D&b(fq,mada Qr,mad) — (50)

i, .

4, _ . :
[agr }/ﬂ.b (9?"; {g.mod » Qr) — a_,., Yﬂb(‘gﬁ Lg.mod - 91’)}9

¥

f’:gr,mod Bp=0

The setting of values G-, G, ., G,, and F, selected 1n
accordance with (41)-(44) in conjunction with (45)-(47) or
with (48)-(30) not only fulfills conditions (38)-(40) for the
error signal, but also yields the best possible signal-to-noise
ratio for error signal 0., assuming that the measured values
of the admittance parameters Y-, Y, , and Y ,, generate
noise 1 an uncorrelated and normally distributed manner
and with the same standard deviation.



US 11,218,102 B2

11

Example embodiments of the present invention also
include settings that deviate herefrom. Thus, for example,
there may be a deviation from the above setting n the
following variants:

1. A setting of G, G, , G,, and F that 1s not optimal for
the signal-to-noise ratio, so that properties (38)-(40) are
nevertheless fulfilled for error signal o.

2. A setting, so that error signal 0, becomes noise-optimal
for different noise characteristics of the measured
admittance parameters. The measured admittance
parameters may, for example, generate noise with dif-
ferent standard deviations, or the individual admittance
parameters generate noise not 1 an uncorrelated, but in
a mutually correlated manner, or the admittance param-
cters generate noise 1n accordance with a distribution
that differs from the normal distribution. Under these
conditions as well, the dependency of values G, G, ,
G,, and F, on the model vanables for which error
signal 0. has an optimal signal-to-noise ratio, 1s set in
cach case.

3. A setting so that the derivatives in (38)-(39) are not
constantly +/-1, but deviate therefrom or even vary as
a function of the operating point. In this case, an
operating point-dependent control loop gain and thus
an operating point-dependent transient response results
for the control loop which adjusts the modeled rotor
position.

4. A setting in accordance with which an individual
weilght, for example, Gs. 1s selected to be lower 1n terms
ol absolute value or even down to zero. This would be
beneficial, for example, if the associated admittance
parameter has significant manufacturing tolerances,
and different specimen from an ensemble of same
motors are to be operated using one single set of
parameters. The imndividual specimen of the ensemble
thereby differ with respect to the respective admittance
parameter on the basis of manufacturing tolerances.

5. A setting of values Gy, G, _, G4, and F, as a function
of three model variables instead of the two model
variables described here, for example, as a function of
the model rotor angle and both model current compo-
nents. This would be advantageous if the machine were
to be operated not only along a fixed current trajectory,
but in a larger range of the d-q current plane or in the
entire d-q current plane, as 1s used, for example, in the
field weakening range.

In summary, the following steps are to be implemented to
execute the method. The following steps are first performed
in a preceding offline process:

1. Determination of the operation point dependency of
local admittance parameters Y., Y, and Y ., along the
set current trajectory and in the vicinity thereof. This
may be done offline for a single specimen of a motor
type on a test stand having a rotor position measuring
device.

2. Determining the differentials of admittance parameters
measured offline 1 accordance with the rotor position.

3. Setting of the table contents for weighting factors G,
G, and G,, as well as of term F, for all operating
points.

The subsequent rotary encoderless determination of the
rotor position 1ncludes the following steps in online opera-
tion, as shown in FIG. 2:

1. Measuring local admittance parameters Y, Y, and

Y ., using a suitable high frequency injection voltage.

10

15

20

25

30

35

40

45

50

55

60

65

12

2. Determining the current values for weighting factors
G.., G, and G,, by accessing the previously set tables
as a function of instantaneous model variables 1
and 0, .

3. Generating a weighted sum of the measured admittance
parameters using the current weighting factors.

4. Determining the current value for term F, to be sub-
tracted as a function of the instantanecous model vari-
ables.

5. Generating error signal 6. by subtracting term F, from
the weighted sum.

6. Feeding error signal o, to a control circuit or a
fundamental wave machine model.

7. Adjusting model rotor angle 0 by controlling error
signal 0. toward zero.

8. Cyclically repeating online steps 1-7.

For the described exemplary embodiment, FIG. 2 depicts
the signal flow diagram for controlling a rotary encoderless
three-phase machine 111 using the method hereof Three-
phase machine 111 1s fed by power output stage 109 of an
inverter. The currents tlowing to the three-phase machine are
measured by a two-phase or three-phase current acquisition
110.

Corresponding setpoint d-current 1, ,;; 18 determined as a
tunction of setpoint q-current 1, ., which 1s dependent on
the desired torque, 1n accordance with (14) or (15), via
MTPA characteristic curve 103, and the setpoint current
indicator derived therefrom is fed 1n model rotor coordinates
1., to setpoint-actual comparison 104. The actual current
indicator 1n model rotor coordinates 1. 1s formed by
inverse transtormation 107 from the actual current indicator
in stator coordinates 1° using model rotor angle 6, ..

Current controller 105 generates the fundamental wave
voltage 1 model rotor coordinates of u, and thus adjusts
actual current indicator 1, " to setpoint current indicator
Transformation device 106 transforms the fundamental
wave voltage from model rotor coordinates into stator
coordinates, for which purpose, model rotor angle 0, _ , 1s
used, 1n turn.

Injection voltage u ° 1s additively superimposed 1n stator
coordinates u- of on fundamental voltage indicator by
summation 108, whereby the entire motor voltage 1s gener-
ated 1n stator coordinates u,_~ which 1s amplified by power
output stage 109 and fed to machine 111. The injection
voltage may also be alternatively added already before
transformation 106 into model rotor coordinates.

The currents flowing in the machine are measured by
current acquisition 110. Determined herefrom 1n separation
unmit 112 are both the fundamental wave current in stator
coordinates 1° as well as, from the high-frequency current
components, admittance parameters Y., Y, and Y ,,.

Weights Gy, G, and G,, used for generating weighted
sum F are formed via tables, respectively functional map-
pings 113-115 as a function of model rotor position 07"°¢
and of model g-current 1_,,;

Weights G..,, G, and G,, used for generating weighted
sum F are formed wvia tables, respectively functional map-
pings 113-115 as a function of model rotor position O
and of model g-current 1_ ...

Finally, offset F,, which 1s likewise formed as a function
of model rotor position 6, ., and of model g-current1_,
in the table, respectively functional mapping 116 is sub-
tracted from generated weighted sum F. Error signal 0. 1s
ultimately hereby formed and 1s fed 1n the present exemplary
embodiment to a PLL controller 119. This i1s usually com-
posed of the series connection of a PI element 117 and of an
I-element 118. The PLL controller adjusts model rotor angle

q.mod

r.mod

PO

y.mod
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0, .. formed at the output thereot to actual rotor angle 0,. so
that, in the corrected state, 1t ultimately agrees with the
actual rotor angle, and error signal 0, then becomes zero.
Additionally available at the output of PI element 117 1s a
model value of electric angular velocity o, which may be
used, for example, as the actual value for a superimposed
speed control loop.

LIST OF REFERENCE NUMERALS

100 generation of the admittance parameters as a function
of the model varniables and the actual rotor position
101 generation of the admittance parameters as a function
of the actual motor sizes

102 transformation of model rotor coordinates 1nto actual
rotor coordinates

103 MTPA characteristic (maximum torque per ampere)

104 setpoint-actual comparison of the current control
circuit

105 current controller

106 transformation of model rotor coordinates 1nto stator
coordinates

107 1nverse transformation of stator coordinates into
model rotor coordinates

108 additive application of the injection voltage

109 power output stage

110 current measurement

111 three-phase machine

112 means for determining the admittance parameters and
the fundamental wave current

113 producing the weight factor for the isotropic admit-
tance component

114 producing the weight factor for the anisotropic a-ad-
mittance component

115 producing the weight factor for the anisotropic b-ad-
mittance component

116 producing the oflset to be subtracted

117 PI controller of the PLL controller for forming the
model speed

118 I-controller of the PLL controller for forming the

model rotor angle
119 PLL controller (phase-locked loop)

LIST OF SYMBOLS

D,  differential of the anisotropic admittance a-compo-
nent in accordance with the rotor position

D,, differential of anisotropic admittance b-component 1n
accordance with the rotor position

Ds. differential of the 1sotropic admittance component in
accordance with the rotor position

F weighted sum of the measured admittance components

F, offset to be subtracted

G, weighting factor for the a-component of the aniso-
tropic admittance component

G,, weighting factor for the b-component of the aniso-
tropic admittance component

G weighting factor for the 1sotropic admittance compo-
nent

1 carrier current indicator

1, 1, actual fundamental wave current components in
rotor coordinates

1y mods 1g.moq @Ctual fundamental wave current components
in model rotor coordinates

1__ . actual fundamental wave current indicator 1n model
rotor coordinates
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1° actual fundamental wave current indicator in stator
coordinates

17 50115 145027 SELPOINt current components ot the fundamen-
tal wave current

1__,; setpoint current indicator of the fundamental wave
current in model rotor coordinates

A1, Alg,, components of the current rises in stator coor-

dinates

e Dlyg, cOMponents ot current rises in voltage coor-

dinates

Aly . current rises due to the isotropic admittance com-
ponent

L. inductance matrix in stator coordinates

L., a-component of the inductance matrix 1n stator coor-
dinates

L, b-component of the inductance matrix in stator coor-
dinates

L., coupling inductance in stator coordinates

At time 1nterval

u_. amplitude of the injection voltage

u . injection voltage indicator

u_~ 1njection voltage indicator 1n stator coordinates

u, tundamental wave current indicator in model rotor
coordinates

u,, fundamental wave current indicator in stator coordi-
nates

u_°, machine voltage 1n stator coordinates

Y admittance matrix 1n stator coordinates

Y  a-component of the admittance matrix in stator coor-
dinates

Y, b-component of the admittance matrix in stator coor-
dinates

Y . coupling admittance in stator coordinates

Y .., a-component of the anisotropic admittance compo-
nent in stator coordinates

Y ., b-component of the amisotropic admittance compo-
nent in stator coordinates

Y. 1sotropic admittance component

0. error signal

0 rotor position

0, .02 model rotor position

0 error of the model rotor position

A1

The mnvention claimed 1s:

1. A method for rotary encoderless determination of a
rotor position of a three-phase machine, the three-phase
machine adapted to be fed by a converter that 1s operable
with pulse width modulation, the converter having model
variables for a rotor angle and a current indicator of the
three-phase machine, the converter having a device adapted
to measure, 1n closed-loop controlled operation, at least two
values that represent a measure of local inductances of the
three-phase machine, comprising:

determiming an error of the model rotor angle by deter-

mining at least two weighting factors as a function of
the model rotor angle and the model current indicator;
forming a weighted sum from the at least two measured
values and the at least two weighting factors; and
subtracting, from the sum, another offset value that 1s
determined as a function of the model rotor angle and
the model current indicator.

2. The method according to claim 1, wherein the local
admittances are used as a measure of the local inductances.

3. The method according to claim 2, wherein an assign-
ment of the weighting factors and of the offset value to the
model variables 1s a function of a rotor position-specific
differential of the local inductances or local admittances.
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4. The method according to claim 1, wherein the function
1s determined ofiline and/or set one time 1n a step preceding
a positional determination and/or prior to a closed-loop
controlled operation, so that the weighting factors and the
oflset value are assigned by the function to the values of the
two model variables online when the position 1s determined.
5. The method according to claim 4, wherein each of the
at least two weighting factors 1s produced as a quotient of the
differential of one of the measures and of a square sum of all
of the differentials of the measures.
6. The method according to claim 1, wherein the weight-
ing factors are selected such that a measure, which has a
greatest manufacturing tolerance, 1s provided with a lower
weight or 1s not considered 1n the weighted sum.
7. A method for rotary encoderless determination of a
rotor position of a three-phase machine, the three-phase
machine adapted to be fed by a converter operable with
pulse width modulation, the converter having a model rotor
angle and a model current indicator of the three-phase
machine, the converter having a measurement device
adapted to acquire, in controlled operation, at least two
measured values that represent a measure of local induc-
tances of the three-phase machine, comprising:
assigning, by a function table, at least two weighting
factors as output variables to the model rotor angle and
the model current indicator as two output variables;

determining the model rotor angle and the model current
indicator from differentials of local admittance param-
eters determined oflline;
determining an error of the model rotor angle by a
weighted sum formed from the at least two measured
values and the at least two weighting factors;

subtracting, from the sum, another offset value that deter-
mined as a function of the model rotor angle and the
model current indicator.

8. The method according to claim 7, wherein the function
1s determined oflline and/or set one time 1n a step preceding
a positional determination and/or prior to a closed-loop
controlled operation, so that the weighting factors and the
oflset value are assigned by the function to the values of the
two model variables online when the position 1s determined.

9. The method according to claim 8, wherein each of the
at least two weighting factors 1s produced as a quotient of the
differential of one of the measures and of a square sum of all
of the differentials of the measures.

10. The method according to claim 7, wherein the weight-
ing factors are selected such that a measure, which has a
greatest manufacturing tolerance, 1s provided with a lower
weilght or 1s not considered 1n the weighted sum.

11. A method for rotary encoderless determination of a
rotor position of a three-phase machine, the three-phase
machine adapted to fed by a converter that 1s operable with
pulse-width modulation, comprising:

determining a model rotor angle and a model current

indicator of the three-phase machine;

determining, 1n closed-loop controlled operation, a first

measured value of a measure of a first local inductance
of the three-phase machine;

determining, in closed-loop controlled operation, a sec-

ond measured value of a measure of a second local
inductance of the three-phase machine;

assigning values, based on a function and/or a function

table that 1s determined ofiline, of difterentials of the
measures determining values of the model rotor angle
and of the model current indicator to function values:
determining an error and/or an angle deviation of the
model rotor angle by at least two weighting factors
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determined as function values of the function and/or the
function table, by the function and/or the function table
as a function of the model rotor angle and of the model
current indicator;
producing a sum of the measured values weighted by the
welghting factors;
to determine the error, subtracting from the sum another
offset value that 1s determined as a function of the
model rotor angle and the model current indicator;
determining the further oflset value by the further offset
value being determined as a function value of the
function and/or the function table, by the function
and/or the function table, as a function of the model
rotor angle and of the model current 1indicator; and
adjusting the model rotor angle by a control loop con-
trolling the error toward zero.

12. The method according to claim 11, wherein, to deter-
mine the function, the local inductances are determined as a
function of values of the rotor position and of the current
indicator, the values of the current indicator representing a
trajectory.

13. The method according to claim 11, wherein a assign-
ment for the offset value to be subtracted 1s set to conform
to the weighted sum when an actual rotor angle of the
three-phase machine conforms to the model angle.

14. The method according to claim 11, wherein the
weighting factors are selected such that a measure, which
has a greatest manufacturing tolerance, 1s provided with a
lower weight or 1s not considered in the weighted sum.

15. A device, comprising;:

a converter,

a three-phase motor; and

a converter adapted to feed the three-phase motor;

wherein the converted 1s adapted to perform:
(a) a method for determination of a rotor position of the
three-phase motor, the three-phase motor adapted to
be fed by the converter that 1s operable with pulse
width modulation, the converter having model vari-
ables for a rotor angle and a current indicator of the
three-phase motor, the converter having a device
adapted to measure, in closed-loop controlled opera-
tion, at least two values that represent a measure of
local inductances of the three-phase motor, the
method including;
determining an error of the model rotor angle by
determining at least two weighting factors as a
function of the model rotor angle and the model
current indicator;

forming a weighted sum from the at least two
measured values and the at least two weighting
factors; and

subtracting, from the sum, another ofiset value that 1s
determined as a function of the model rotor angle
and the model current indicator;

(b) a method for determination of a rotor position of the
three-phase machine, the three-phase motor adapted
to be fed by the converter operable with pulse width
modulation, the converter having a model rotor angle
and a model current indicator of the three-phase
motor, the converter having a measurement device

adapted to acquire, 1n controlled operation, at least
two measured values that represent a measure of
local inductances of the three-phase motor, the
method including:
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assigning, by a function table, at least two weighting,
factors as output variables to the model rotor angle
and the model current indicator as two output
variables;

determiming the model rotor angle and the model
current indicator from differentials of local admit-
tance parameters determined ofiline;

determining an error of the model rotor angle by a
welghted sum formed from the at least two mea-
sured values and the at least two weighting fac-
fors;

subtracting, from the sum, another ofiset value that
determined as a function of the model rotor angle
and the model current indicator; and/or

(c) a method for determination of a rotor position of the

three-phase motor, the three-phase motor adapted to

ted by the converter that 1s operable with pulse-width

modulation, the method 1ncluding:

determining a model rotor angle and a model current
indicator of the three-phase motor;

determining, 1n closed-loop controlled operation, a
first measured value of a measure of a first local

inductance of the three-phase motor;

determining, 1n closed-loop controlled operation, a >3

second measured value of a measure of a second

local imductance of the three-phase motor;
assigning values, based on a function and/or a func-

tion table that 1s determined offline, of differentials

18

of the measures determining values of the model
rotor angle and of the model current indicator to
function values;
determining an error and/or an angle deviation of the
5 model rotor angle by at least two weighting factors
determined as function values of the function
and/or the function table, by the function and/or
the function table as a function of the model rotor

angle and of the model current indicator;
producing a sum of the measured values weighted by

the weighting factors;
to determine the error, subtracting from the sum

another oflset value that 1s determined as a func-
tion of the model rotor angle and the model
current indicator;
determining the further oflset value by the further
oifset value being determined as a function value
of the function and/or the function table, by the
function and/or the function table, as a function of
the model rotor angle and of the model current
indicator; and
adjusting the model rotor angle by a control loop
controlling the error toward zero.

16. The device according to claim 15, wherein the three-
phase motor 1includes a rotary encoderless three-phase
motor.

17. The device according to claim 15, wherein the con-
verter includes a pulse-controlled inverter.
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